Since the early 80's, the sea-surface microlayer (SML) has been hypothesized as being a gelatinous film. Recent studies have confirmed this characteristic, which confers properties that mediate mass and energy fluxes between ocean and atmosphere, including the emission of primary organic aerosols from marine systems. We investigated SML thickness and composition in five replicate indoor experiments between September and December 2010. During each experiment, the SML and underlying seawater were sampled from four seawater tanks: one served as control, and three were inoculated with Thalassiosira weissflogii grown in chemostats at 180, 380 and 780 ppm pCO 2 . We examined organic material enrichment factors in each tank, paying particular attention to gel particles accumulation such as polysaccharidic Transparent Exopolymer Particles (TEP) and the proteinaceous Coomassie Stainable Particles (CSP). While previous studies have observed carbohydrates and TEP enrichment in the microlayer, little is yet known about proteinaceous gel particles in the SML. Our experiments show that CSP dominate the gelatinous composition of the SML. We believe that the enrichment in CSP points to the importance of bacterial activity in the microlayer. Bacteria may play a pivotal role in mediating processes at the air-sea interface thanks to their exudates and protein content that can be released through cell disruption.
Introduction
The sea-surface microlayer (SML) is a specific and dynamic ecosystem at the water-air interface. The SML is susceptible to modification by photochemical reactions, wind-driven atmospheric deposition, water circulation and biological activity: it can be a simultaneous sink and source of natural and anthropogenic compounds [1] . It includes a complex matrix of organic material and microorganisms that at times may form slicks, thus lowering seawater surface tension and influencing air-sea gas and energy exchange [2] [3] [4] .
It has been widely recognized that physical, chemical and biological processes are very different in the SML compared to the underlying water. However, the determination of its thickness raises some controversy: Zhang [5] [6] [7] earlier defined the SML as the uppermost 50 ± 10 µm in situ and in laboratory experiments, while current estimates strongly depend on sampling techniques [8, 9] . Based on scientific literature, the SML can be operationally defined as a several-layer structured microhabitat arise mostly from phytoplankton exudates and also represent a considerable fraction of high molecular weight (HMW; >1 kDa) DOM in the surface ocean [21] . In the SML, polysaccharides account for about 30% of dissolved organic matter while proteins constitute approximately 16% [16] . Proteins are included in another important class of gel particles known as Coomassie Stainable Particles (CSP) which can be stained using Coomassie Brilliant Blue, a protein-binding dye [11, 22] . CSP may serve as substrate for particle-associated microbes because pelagic bacteria use proteins as major source of reactive nitrogen [22] . While the abundance and enrichment of protein-like material in the SML has been pointed out by various studies [2, [23] [24] [25] , to our knowledge the evidence of CSP enrichment has been recorded only once [26] , suggesting that TEP and CSP observed might have represented the same particle with a mixed proteinaceous/carbohydrate nature.
Our aim in this study was to obtain a more comprehensive picture of the gelatinous composition of the surface microlayer with respect to its polysaccharidic and proteinaceous components. We chose to explore the dynamics of the microlayer that arise from polymeric components released by phyto-and bacterioplankton. For this purpose we used filtered (<0.2 µm) North Sea Water as medium and as control, and a non-axenic strain of the diatom Thalassiosira weissflogii as source of fresh organic matter. T. weissflogii was grown at 180, 380 and 780 ppm pCO 2 to further examine if increasing CO 2 scenario may impact surface ocean composition in terms of organic matter and SML formation.
Methods

Experimental Set up
Five replicate indoor experiments were performed from October to December 2010. In each experiment, three polyethylene tanks (61 × 36 × 31 cm, sampling surface of 2196 cm 2 ) were filled with 60 L of North Sea Water (NSW) previously filtered through cellulose acetate cartridges (Sartobran P, 0.2 µm capsule, Sartorius). 10 L of a non-axenic culture of the diatom Thalassiosira weissflogii was then added to each tank. The diatom culture was grown for approximately 30 days in three chemo-
, at an irradiance of 170 -180 µmol photons cm
, with a light:dark cycle of 12 h:12 h, and a temperature of 15˚C. The chemostats were aerated with 180, 380 and 780 ppm pCO 2 , respectively at a gas flow rate of approximately 60 ccm each, similar to the set-up described in Borchard et al. [27] . Cell abundance in the chemostats was on average 17,266 cells·mL −1 at 180 ppm, 26,503 cells·mL −1 at 380 ppm and 24,414 cells·mL −1 at 780 ppm pCO 2 . One extra tank was filled with 70 L of < 0.2 µm filtered NSW solely and served as a control tank. Before each use, tanks were cleaned with HCl 10% and intensively rinsed with deionized water. The purpose of this setup consisted in getting SML and bulk water samples from simple defined conditions: a reference of "sterile" filtered seawater, and seawater added with phytoplankton culture which had released distinct exudates according to different pCO 2 growth exposure.
Sea-Surface Microlayer Sampling
The glass plate approach was chosen to sample the seasurface microlayer [5, 17, 28, 29] . First introduced by Harvey [30] , it is based on the principle that a hydrophilic surface, immersed in the water and withdrawn at a controlled rate can retain a layer of approximately 60 -100 µm thickness through viscous retention [2] . A glass plate of dimensions 500 × 200 × 4 mm with an effective sampling area of 2000 cm 2 (including both sides of the plate), was pushed vertically into the surface and pulled out at about 20 cm·sec
: at each dip we were able to collect approximately 5 to 7 mL of sample from the glass plate, and we choose to repeat the procedure three times in order to get the first 100 -150 µm of the surface. The thickness of the surface film was calculated dividing the volume collected by the area of the tank. The glass plate was wiped through Teflon blades and the sample was collected into sterilized glass bottles according to Stolle et al. [8] . Prior to use, both the glass plate and the Teflon blades were cleaned with ethanol 70% first and thoroughly rinsed with Milli-Q water thereafter. The bulk water was collected at about 20 cm below the surface from an opening in the tank to avoid any introduction of contamination to the tank itself. Results from the SML samples were compared to those of bulk water and expressed as enrichment factors (EF), defined as:
where [x] is the concentration of a given parameter in the SML or in the bulk water (BW) [31] . From the four tanks, samples were taken from SML and from bulk water within one hour from the culture addition (t 0 ), and then after 24 and 48 hours (t 24 and t 48 ), mixing the water after each sampling. Five experiments were performed, yielding a total of n = 15 samples for the SML in control and n = 45 samples for treatments.
sible to perform the analysis for all the previous mentioned parameters over the total 60 samples collected.
TCCHO and TN samples from the SML and bulk water were diluted with Milli-Q water in a ratio of 1:20 for sample analysis. In the experiments I and II, only SML samples were diluted. Therefore, when calculating enrichment factors of these parameters, data from experiments I and II were excluded. No dilution was necessary for bacterial cell number, TEP and CSP.
For TN, 20 mL were filled into pre-combusted (8 h, 500˚C) glass ampoules, preserved with 80 µL phosphoric acid (H 3 PO 4 ) 85% and stored at 0˚C until analysis. Analysis was performed in four replicates with a Shimadzu TOC-VCSH analyzer with Total Nitrogen (TNM-1) unit, using potassium nitrate (KNO 3 ) calibration standard over the measurement range 0 -57 µmol·N·L For bacterial cell number, 750 µL of sample were fixed with 37.5 µL glutaraldehyde (25%) and stored at −20˚C until enumeration no later than six months from collection. Abundance was determined after staining with SYBR Green in DMSO (2%) and analysis with a Flow Cytometer FACS Calibur 4CA (Becton Dickinson).
Microscopical analysis was applied to TEP and CSP. One mL of sample was filtered through polycarbonate filters (Nuclepore) of 0.4 µm pore size (Whatmann) in two replicates, and immediately stained with Alcian Blue (AB) solution for TEP and with Coomassie Brilliant Blue G (CBBG) for CSP following the method described in Engel (2009) , and the CytoClear slide technique [32] . TEP and CSP samples were stored at −20˚C until microscopy. For each sample two filters were stored, and thirty images were taken per filter area at ×200 magnification with a Zeiss microscope. The equivalent spherical diameter (ESD) of individual particles was calculated by measuring its cross-sectional area with an image-analysis software (Image J, US National Institutes of Health), and counts were combined and classified into 66 logarithmic size classes from 1 to 33.5 µm [33, 34] .
For total combined polysaccharides >1 kDa (TCCHO), 15 mL of sample were filled into combusted glass vials (8 h, 500˚C) using 25 mL disposable syringes. Samples were frozen immediately and kept at −20˚C until analysis. Right before analysis samples were thawed and desalination was performed by membrane dialysis (1 kDa MWCO, Spectra Por) for 5 h at 0˚C. To yield monomeric CHO, acid hydrolysis of desalinated samples was conducted with 0.8 M HCl final concentration for 20 h at 100˚C followed by neutralization through acid evaporation (N 2 ) for 5 h at 50˚C. After neutralization Milli-Q water was added to the dry residue and analysis was conducted by Ion Chromatography in two replicates on a Dionex ICS 3000 system following the protocol by [35] .
Data Treatment
Our experiment was intended to address certain aspects of SML composition and dynamics. In particular, we investigated if there is an equal occurrence of components in both SML and bulk water, or if some of these components are enriched in either one or the other compartment. We focused on organic matter like polysaccharidic and proteinaceous gel particles. When referring to polysaccharides, we aimed at understanding whether carbohydrate composition of SML and bulk water is comparable, or if we find selective enrichment of some sugars.
Moreover, changes in SML composition were studied, with respect to the addition of fresh organic material > 0.2 µm derived from a phytoplankton culture, and with respect to organic matter produced at different CO 2 concentrations.
Assuming a SML thickness of about 100 µm, it was sufficient to sample three times with the glass plate to completely remove the microlayer of the tanks. i.e., for a sampling surface area of 2196 cm 2 and a 100 µm thickness, the volume of the microlayer ideally would be 21.96 mL, approximately the same obtained after three dips of the plate. Therefore it is assumed that for every time point of sampling (t 0 , t 24 and t 48 ), a new microlayer was formed and sampled. Nevertheless, to assess variations among repetitive samplings, concentrations in SML and bulk water for each parameter have been tested with a one-way Repeated Measure ANOVA on normal distributed data with factor being the time of sampling.
Enrichment factors (EF) were calculated based on observations of both SML and bulk water. The number of observations varies between the different analyses. A complete dataset, like for bacterial abundance and TEP, consists of 15 samples for each CO 2 treatment. A dataset for CSP consists in 12 samples for each CO 2 treatment, while for TN and TCCHO the dataset comprises nine observations for each CO 2 treatment. The Friedman Repeated Measures ANOVA on Ranks test was applied on non-normal distributed data (e.g. EF) to assess significant differences between pCO 2 treatments with factor being pCO 2 . Spearman Rank correlation coefficients were calculated to determine significant correlations between enrichment factors and SML thickness.
Statistical significance was accepted for p < 0.05, and all tests were run with Sigma Plot 12.0 (Systat).
TEP were enriched in the SML in the control tank as 50% of observations yielded EF values between 0 and 4, with a median value of 0.817 (Figure 2) . In treatments instead, the highest EF was found at 180 ppm with median value of 0.913, compared to 380 ppm and 780 ppm with median values of 0.480 and 0.503 respectively. However, due to a large variability within each treatment, a statistically significant effect of CO 2 on TEP enrichment in the SML was not confirmed (Friedman ANOVA test, p = 0.158, n = 15).
As showed in Figure 1 (a), in 47% of the observations SML thickness was comprised between 75 and 100 µm in the control tank. Smaller percentages (27%) relate to thickness of 50 -75 µm and 100 -125, being overall in the range between 50 and 125 µm (43%). Most of the observations for treatments (Figure 1(b) , 82%) were comprised between 75 and 150 µm, with 38% in the range 100 -125 µm, 24% between 75 and 100 µm and 20% between 125 and 150 µm. Smaller percentages were also recorded, below 75 µm (4%) and above 150 µm (13%). Thus, our reference microlayer for this study was represented by the upper 150 µm of the surface.
Compared to TEP, the proteinaceous CSP showed a different partitioning between SML and bulk water (Figure 3). The control was characterized by the lowest EF with 50% of the observations below 1. Treatments instead showed increasing median EF with increasing pCO 2 : at 180 ppm, we found a median value of 1.15, at 380 ppm of 1.44, at 780 ppm of 1.34. Although Friedman ANOVA test on CO 2 effect did not indicate a significant trend (p = 0.126), it is interesting to notice how the vari-
Gel Particles: TEP and CSP
TEP data proceed from all five experiments, while CSP data were collected in experiments II, III, IV and V. ability of the values seemed to be distributed over a narrower range with increasing pCO 2 . 50% of EF ranged from below 1 to ~2.7 at 180 ppm, from 1 to 2.5 at 380 ppm, and from 1 to ~1.9 at 780 ppm.
CSP dominated gel particles abundance (Figure 4) , double than in SML; median CSP area was the same as in the SML but in the latter higher abundances were also observed. As well shown in the box plot, TEP abundances in the bulk water were higher than in the SML, while CSP abundances in the bulk water on the contrary were lower than in the SML. The equivalent spherical diameter (ESD) is a proxy for particles size. For TEP in the control, the median ESD in the SML was 14 
Total Combined Carbohydrates (TCCHO)
Total combined carbohydrates (>1 kDa; TCCHO) varied between 0.2 and 5.1 µM·L −1 in SML and between 0.7 and 4.2 µM·L −1 for bulk water (data not shown). Highest enrichment of TCCHO was observed in the control (median EF = 1.22) (Figure 5 ). Median EF in treatments were 0.87, 0.87 and 1.09 for 180 ppm, 380 ppm and 780 ppm pCO 2 respectively. Friedman ANOVA test on EF did not result to discern significant differences with Neutral sugars were the most abundant fraction of TCCHO, and yielded similar percentages in SML and bulk water for both, control (86.9 mol% for SML and 87.3 mol% for bulk water) and treatment samples (82.9 mol% for SML and 83.3 mol% for bulk water) (Tables 1  and 2) . Among neutral sugars, fucose, galactose, glucose were close to equal distribution between SML and bulk water or slightly depleted in the SML ( Table 1) . Rhamnose and arabinose were enriched in the SML of control seawater (median EF = 4.5 and 1.5 respectively). Rhamnose was slightly depleted in the SML of treatments (median EF = 0.9) while arabinose was enriched (median EF = 1.5). Mannose/xylose was more abundant in both, SML in control and treatments (median EF = 1.2 in control and median EF = 1.4 in treatments).
Glucose dominated the composition of polysaccharides in all experiments, with values up to 85 mol% in control and 80 mol% in treatments (Figure 6) . Mannose/Xylosewere the second most abundant sugars with percentages of up to 40 mol% in both control and treatments. Fucose represented up to approximately 20 mol% of TCCHO in both control and treatments (Figure 6) . Amino sugars were observed in relatively high percentages, especially in treatment samples ( Table 2) . With a range of 9 -11 mol%, Galactosamine was the most abundant of amino sugars in control as well as treatment samples ( Table 1) . Contribution of uronic acids, including galacturonic acid and glucuronic acid, to TCCHO > 1 kDa was low in general, yielding 0.9 ± 1.9 mol% for SML and 1.5 ± 3.8 mol% for bulk water in control ( Table 2) . Gluconic acid was detected in low percentages in treatments, where acidic sugars represented 2.7 ± 7.4 mol% of total polysaccharides in SML and 1.3 ± 4.5 mol% in bulk water (Tables 1 and 2 ).
Total Nitrogen (TN)
Total nitrogen was determined in the experiments III, IV and V. In general, enrichment factors for TN were highly variable (Figure 7) , and did not significantly depend on pCO 2 (Friedman ANOVA test on ranks, p = 0.352, n = 9). In the control, median EF was 1.01, while in the treatments it increased from 1.24 at 180 ppm to 1.38 at 780 ppm. At 380 ppm median EF was 0.71.
Bacterial Cell Number
Bacterial abundance in SML and in bulk water was highly variable in the three samplings, both over time (t 0 , t 24 and t 48 ) as well as for the different experiments. In the control, bacterial abundance for both SML and bulk water was <0.5 × 10 6 cells·mL −1 with some enrichment in the SML. Generally higher bacterial abundances were observed in the treatment tanks, ranging from 0.5 × 10 6 cells·mL −1 to 3 × 10 6 cells·mL −1 and increasing numbers were found after 48 hours of sampling for all CO 2 conditions. Differences in abundance between t 0 , t 24 and t 48 were statistically significant for all treatments and controls in the five experiments (One Way Repeated Measure ANOVA on normal distributed data, p < 0.01 and n = 20 for SML and p < 0.01, n = 20 for bulk water). In most observations, SML was enriched in bacteria with respect to bulk water. Bacterial EF was calculated for each tank and treatment, and suggested that median EF tended to decrease with pCO 2 increase (Figure 8 ). However, a CO 2 effect was not significant (p = 0.93, n = 15, Friedman ANOVA). For 50% of the treatments observations, EF for bacteria ranged between 0.8 and 1.7, with outliers up to 3.
Enrichment Factors
All EF obtained during the five experiments were included in a meta-analysis (Tables 3 and 4) . When we refer to an enriched microlayer (yes) we considered all EF > 1.1, while for a depletion (no) we took into account all EF < 0.9. These reference enrichment factors were chosen within a 10% interval from EF = 1, which we consider as uncertainty range; i.e. equal concentration in SML and bulk water cannot be excluded. Enrichment or depletion based on factors between 0.9 and 1.1 was hence assumed as being not unambiguously determinable (n.d.).
In general, bacterial abundance was most often enriched in the SML, i.e. in 67% of the observations of control and in 51% of treatments samples. An enrichment of TEP in the SML was observed in 40% of the observations of the control samples. On the contrary, in treatment tanks having higher absolute TEP concentration, an enrichment of TEP in SML compared to the bulk water was observed in just 22% of the cases.
CSP differed clearly from TEP with respect to partitioning between SML and bulk water. In the control tank, CSP were mostly depleted in the SML, i.e. only 17% of observations account for enrichment. In contrast, 58% of treatment tanks showed enrichment in the SML. For total combined carbohydrates (TCCHO), most observations from control tank suggested an enriched microlayer (56%). Instead, for treatment samples an equal amount of observations showed enriched or depleted SML, and in a high percentage of treatment samples enrichment was not clearly determinable (41%). For total nitrogen (TN), no clear pattern of distribution between SML and bulk water was found in control tank, as the same percentages account for enrichment and depletion, and 12% of samples suggested equal distribution. In treatments, TN was enriched in the SML in more experiments (48%), while 33% of the cases manifested depletion. Still, 19% of samples showed similar concentrations in SML and bulk water. In principle, any component in the SML may become diluted during sampling with the glass plate due to cosampling of bulk water. This would result in larger sampling volume of SML and thus in greater thickness of SML, and consequently in an underestimation of EF. In order to account for potential bias in EF due to the amount of bulk water collected simultaneously, we related all enrichment factors to SML thickness. Spearman Rank correlation coefficients resulted to be not significant (p > 0.05) in any case contemplated in our study, indicating that the sampling volume was not susceptible to interfere with results for EF.
Discussion
The aim of this study was to obtain a better understanding of the chemical and biological composition of the SML. Principally we were interested in SML formation as a result of phyto-and bacterioplankton exudation. Consequently, we examined if SML composition would change because of increasing pCO 2 applied to the phytoplankton culture, source of fresh organic material. The phytoplankton culture was grown at controlled conditions of pCO 2 and temperature, and then transferred into tanks where we tested for microlayer formation. Effect of time on accumulation of bacterial cells and gel particles in the SML was investigated sampling the tanks at three different time points. Each pCO 2 treatment was tested against a control tank solely containing filtered seawater, and the whole set up of the experiment was replicated five times. 
Thickness of the SML
The majority of measurements yielded a SML thickness between 75 and 150 µm, which was greater than reported elsewhere [5, 6, 8, 29] . Zhang et al. suggested a SML thickness of 50 ± 10 µm, based upon physicochemical measurements [5] [6] [7] , but it has been proposed that is meaningful to study biological characteristics of the SML in the upper 1000 µm [1] . Our measurements included biologically derived constituents of the SML like gel particles, as well as bacterial cells. Therefore, it is reasonable to think that the thickness we reported agrees with previous observations and studies on SML composition.
Gel Particles
Gel particles indicate a biogenic gelatinous nature of the surface film [10, 26, 36] , with TEP being the hitherto abundant gels reported in the SML. TEP can facilitate the formation of aggregates in seawater [37] and SML [12] . Our meta-analysis (Tables 3 and 4) suggested that accumulation of TEP and CSP in the SML might be different. While TEP abundance was more pronounced in the SML of control tank compared to the treatment tanks, CSP were mostly enriched in the SML of treatments, but depleted in the control. Examining gel particles distribution in the SML in more detail (Figure 4) showed that CSP were always more abundant than TEP across the five experiments. The presence of TEP > 0.4 µm in the control can be explained by its characteristics to form abiotically from dissolved material smaller than 0.2 µm [18, 19, 38, 39] . On the other hand, TEP have often been observed in diatom aggregates [13, 36, . Attachment to diatom cells and subsequent sinking to the bottom of the tanks are hence potential explanations for reduced TEP presence in the surface microlayer, as reflected by the larger average particle size in bulk water and smaller in the microlayer (Figures 9(a) and (b) ). In natural environments, the formation of ocean bubbles scavenges surface-active material from the pelagic water column and transports it to the surface thus contributing to SML enrichment in organic matter. This situation was not considered in our set up, because bubble size and bubbling intensity could hardly be controlled well enough to allow for comparison between pCO 2 treaments. However, TEP formation has been shown to be enhanced with bubbling and breaking waves [43] and the lack of con- IJG tinuous bubbling in the incubation tanks might be addressed as another factor limiting TEP production. Wurl et al. (2011) investigated a possible bias in TEP SML accumulation due to adhesion to the glass plate, but found no evidence for this [39] . Thalassiosira weissflogii may release both small [40] and copious amounts [44] of TEP. A more recent study suggested that TEP production in T. weissflogii may be closely related to specific bacteria strains [41] . We did not investigate bacteria community composition during this study, but lack of specific strains may explain low TEP abundance in this experiment. At the same time, the degradation of particulate organic matter (like TEP and CSP) by heterotrophic bacteria might be responsible for low TEP concentration in the SML of our experiments, where bacterial cells accumulated more than in bulk water.
Two aspects need to be considered in the dynamic of organic matter pool. As discussed by Wurl and Holmes [10] , TEP can assemble spontaneously within the boundaries of the SML thanks to precursors from bacterial exudates. Additionally, colloidal and particulate organic matter forms in the water column and is vertically transported to the surface where heterotrophic bacteria find an optimal environment [45] . To what extent CSP can form within the SML is still unclear. CSP are protein-containing marine gel particles, but it is uncertain whether or not TEP and CSP represent different chemical subunit of the same gel particle or are separate particles. It has been suggested that CSP are closely associated to TEP [11] , even though the strong CSP enrichment of our treatments was not recorded for TEP as well (Figure 4) . As extracellular polymeric substances, their abundance, as discussed for TEP, is presumably dependent on the algaebacteria interaction as well as on the changing composition of the bacterial community [46] .
The observation of CSP enrichment may be corroborated by earlier reports of enhanced presence of proteins and higher rates of extracellular enzymatic peptide hydrolysis in the SML [23, 25] . An enrichment of SML with dissolved amino acids was recently reported for the subtropical Atlantic in a transect from the Mauritanian upwelling area to the oligotrophic gyre and for the western Mediterranean Sea [47] . The amino acid pool might increase in the SML as a consequence of organic matter leaching from bacterial damaged cells because of viruses or other stress factors typical of that environment [2] . Enrichment in the SML has been well documented for dissolved free amino acids (DFAA) and for particulate amino acids [2, 48] . Proteinaceous matter is a significant source of organic nitrogen in surface ocean [26] and microbial communities of the SML rapidly metabolize DFAA [49, 50] . Total hydrolysable amino acids can be found as dissolved material, colloids or submicron particles [25] that migrate to the surface rather than being produced in situ within the SML [23] . Organisms and particularly bacteria take up free carbohydrates and amino acids for their metabolism, resulting in a loss of dissolved organic matter (DOM). When there is a high production of DOM, for example during phytoplankton blooms, another pathway of converting dissolved into particulate organic carbon (POC) is aggregation into particles, as demonstrated for TEP [19] . We suggest that spontaneous assembly of gel-like particles from DOM may account for CSP also, since CSP were observed in control and treatment tanks as well.
Total Combined Carbohydrates Analysis
Early studies suggested that total carbohydrates could be less strongly associated with the SML [48] . During this study, little enrichment of TCCHO and TEP in SML was observed (Tables 3 and 4) . Our experiments were connoted by the predominance of neutral sugars and in particular by glucose as primary product of photosynthesis. Glucose is possibly the most abundant sugar in seawater as early studies reported [51] [52] [53] [54] [55] . Acidic polysaccharides are a characteristic fraction of TEP [13, [55] [56] [57] and their low abundance in our experiment reflected the lower TEP concentration.
Amino sugars like galactosamine and glucosamine were found in relatively high mol% compared to recent field studies [55, 56] . Peptides and amino acids are common algal products but usually represent a small fraction of the total algal extracellular production [58] , even if there is also evidence of high abundance and frequency of amino sugars in oceanic samples [59] . Galactosamine, glucosamine and muramic acid contribute to the structure of peptidoglycan, dominant cell wall polymer and therefore are important constituents of marine carbon and nitrogen cycles [60] . Bacterial protein content supports the amino acid pool and may provide precursors for proteinaceous gel particles assemblage, such as observed in the SML of this study.
Bacterial Abundance
The abundance of bacterial specific organic components and of proteinaceous gel particles together with an enrichment of bacteria in the SML suggest a major role of bacteria in determining the gelatinous character of SML during this study. Bacteria associated to the SML might result from a migration of bacterial cells from the bulk water to the surface, where they benefit from the accumulation of organic and inorganic substrates [8, 60] . The observed increase in bacterial numbers in the SML over time, confirms this idea. Recent studies suggested that because of the stressful environment, a specifically adapted SML bacterial community is unlikely [8] . However, a specific bacterioneuston community originating from the underlying waters might concentrate at the surface through upward passive transport [61] . Nevertheless, the observed tendency of bacterial abundance to be higher in the SML, suggests that bacteria not only find in gel particles optimal energy source to be degraded, but they contribute to the continuous gel matrix formation through the release of exudates.
Implications for Ocean's Surface Processes in Future Climate Scenarios
One aspect of our study was to investigate CO 2 effects on SML dynamics, because increasing pCO 2 and decreasing pH may impact biological production of organic matter in marine systems [62] and thus SML formation and composition. Pre-industrial (180 ppm), current (380 ppm) and predicted future ocean pCO 2 by the year 2100 (780 ppm) were applied to phytoplankton cultures in this experiment.
A direct relationship between TEP and CO 2 uptake has been demonstrated before, pointing to the importance of exopolymers released by phytoplankton as sink for CO 2 [63] . In surface waters, coupled acidification and rising sea-surface temperature might enhance this process, thus implying changes in the microbial food web [56] and consequently in the recycling of dissolved organic matter in the ocean. Heterotrophic bacteria are the main consumers of organic carbon in the ocean. Therefore, changes in bacterial activity could highly affect the oceanic carbon budget and the cycling of nutrients, in particular nitrogen, which limits primary productivity in many regions [64] . The enrichment of proteinaceous exudates in the SML found in our study suggests that bacterial activity might crucially affect surface ocean dynamics. The results that have been shown do not ascertain a particular CO 2 effect on microlayer gelatinous composition, but because of SML complexity this should be studied in natural environments and is an aspect for future investigations. We expect that an enhanced release of exopolymers by phyto-and bacterioplankton due to anthropogenic changes in climate may impact surface ocean processes and among them, air-sea gas fluxes.
Conclusion
This study investigated the upper 150 µm of the water column in order to understand the composition of the SML with respect to bulk water as a result of phytoplankton and bacterial activity. Enrichment of the microlayer was found in the particulate organic matter fraction to which bacterial cells and gel particles contribute. This study suggests that the gelatinous nature of the sea-surface microlayer is not solely determined by polysaccharides but also by proteinaceous material, which we found more abundant in the form of CSP. Among gel particles, TEP showed microlayer enrichment related to low bacterial abundance (control tank) confirming TEP formation from abiotic sources, which conversely does not occur for CSP. Therefore we reason that to the protein-like gelatinous matrix, bacteria are a determining factor because of their amino acidic exudates and probably to a greater extent than phytoplankton. In natural systems the mutual association between bacteria and gel particles renders the microlayer a unique environment subject to many processes and inputs from bulk water and from the atmosphere. The surface matrix can be enriched and depleted of its components, and the metabolic activity of the SML community might influence exchange of gases between ocean and atmosphere on a global scale, as pointed out previously [47] . The ocean's breathable skin therefore should not be intended as a "waste" region that collects all the material scavenged from the bulk water, but as a dynamic and living habitat that continuously changes in an independent way.
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